In aortic vascular smooth muscle (VSM), the canonical Wnt receptor LRP6 inhibits protein arginine (Arg) methylation, a new component of noncanonical Wnt signaling that stimulates nuclear factor of activated T cells (viz. NFATc4). To better understand how methylation mediates these actions, MS was performed on VSM cell extracts from control and LRP6-deficient mice. LRP6-dependent Arg methylation was regulated on >500 proteins; only 21 exhibited increased monomethylation (MMA) with concomitant reductions in dimethylation. G3BP1, a known regulator of arteriosclerosis, exhibited a >30-fold increase in MMA in its C-terminal domain. Co-transfection studies confirm that G3BP1 (G3BP is Ras-GAP SH3 domainbinding protein) methylation is inhibited by LRP6 and that G3BP1 stimulates NFATc4 transcription. NFATc4 association with VSM osteopontin (OPN) and alkaline phosphatase (TNAP) chromatin was increased with LRP6 deficiency and reduced with G3BP1 deficiency. G3BP1 activation of NFATc4 mapped to G3BP1 domains supporting interactions with RIG-I (retinoic acid inducible gene I), a stimulus for mitochondrial antiviral signaling (MAVS) that drives cardiovascular calcification in humans when mutated in Singleton-Merten syndrome (SGMRT2). C108 (C108 is 2-hydroxybenzoic acid, 2-[1-(2-hydroxyphenyl) ethylidene]hydrazide CAS 15533-09-2), down-regulated RIG-I-stimulated G3BP1 methylation, Wnt/NFAT signaling, VSM TNAP activity, and calcification. G3BP1 deficiency reduced RIG-I protein levels and VSM osteogenic programs. Like G3BP1 and
The metabolic insults of hyperglycemia, hyperlipidemia, and hyperphosphatemia, either with or without uremia, accelerate conduit vessel aging (1) . In concert with hypertension, these common dysmetabolic states induce arteriosclerotic calcification and conduit vessel stiffening (2) . This reduction in vessel compliance impairs Windkessel physiology, the rubbery elasticity of conduit arteries necessary for smooth distal tissue perfusion throughout the cardiac cycle (3) . Wall thickening, fibrosis, elastin fragmentation, medial and atherosclerotic calcification, matrix "browning," and endothelial dysfunction are all contributors to sclerotic aging of the conduit arteries (1) . Work from numerous laboratories, including our own, has identified that osteogenic morphogens of the Wnt and BMP gene families and their inhibitors regulate neointima formation, matrix deposition and remodeling, and vascular calcification in arteriosclerotic disease (4 -12) . It was Mani et al. (13) who first discovered that a nonsynonymous private mutation in the Wnt receptor LRP6 (LRP6 is the low-density lipoprotein receptor-related protein 6) predisposes to precocious aging phenotypes in humans, viz. atherosclerotic heart disease and osteoporosis. Recently, Mani and co-workers (14) and our laboratory (9) outlined the cell-autonomous actions of LRP6 in vascular smooth muscle (VSM) 3 as relevant to the pathobiology of arteriosclerosis. In addition to conveying canonical Wnt sig-nals, LRP6 restrains noncanonical signaling programs in VSM that promote cardiovascular calcification (9) , arteriosclerotic stiffening (9) , and neointima formation (14) in mice. Similar noncanonical Wnt signals participate in aortic valve calcification as well (15, 16) . Thus, human genetics and murine molecular genetics have converged to firmly place Wnt/LRP6 signaling as a key component of cardiometabolic disease, including arteriosclerosis.
In our studies of LRP6 actions, we identified VSM protein arginine methylation as being directly regulated by LRP6 (9) . Asymmetric dimethylarginine (ADMA) modification of histone H3 Arg-17, and a number of unknown cellular proteins, was increased with LRP6 deficiency (9) . LRP6-dependent reductions in the broad-specificity demethylase Jmjd6 (Jumonji domain containing 6 arginine demethylase) were responsible in part for these changes, and Jmjd6 expression inhibited key features of noncanonical Wnt signaling, including USF1 (upstream stimulatory factor 1) transactivation (9) .
To better understand the roles and targets of arginine methylation in LRP6 actions, we performed a whole-cell Arg methylome analysis (17) from LRP6-replete and LRP6-deficient primary aortic VSM (9) . Major increases were noted in proteins undergoing arginine monomethylation (MMA) with LRP6 deficiency, with one-third of these being RNA-binding proteins. One highly regulated protein, G3BP1 , was recently identified, via visceral (thoracic) tissue eQTL bioinformatics, to be a global regulator of cardiovascular disease severity in humans (18) . We demonstrate that G3BP1 promotes pro-sclerotic noncanonical Wnt signaling through NFATc4 nuclear localization. This is mediated in part via functional and physical interactions with RIG-I, an activator of mitochondrial antiviral signaling protein (MAVS, also known as CARDIF, IPS1, VISA) (19) , and dependent upon the C-terminal G3BP1 arginine methylation domain.
Results

LRP6 regulates the MMA/SDMA modification of G3BP1, a genetic determinant of cardiovascular disease severity
We recently identified that conditional deletion of LRP6 increases the accumulation of VSM proteins undergoing asymmetric dimethylation arginine (ADMA) modification (9) . To better understand the landscape of arginine methylation in primary VSM cells and its regulation by LRP6, we implemented commercially available MethylScan immunoaffinity MS (17) to interrogate the cellular protein arginine methylome as modified by LRP6 deficiency. Because perturbations in activity of one protein arginine methyltransferase (PRMT) result in compensatory "substrate scavenging" by related PRMT family members (20) , we focused upon proteins where reciprocal changes were observed between MMA, ADMA), and SDMA in response to LRP6 deficiency. The LDLR Ϫ/Ϫ background was used because murine LDLR deficiency provides susceptibility to Western diet-induced insulin-resistant hyperglycemia, dyslipidemia, and arteriosclerotic calcification in vivo-recapitulating key features of human type 2 diabetes and the metabolic syndrome (2, 9, 21) . Using a 2.5-fold change threshold in duplicate samples, over 500 proteins modified by arginine methylation were differentially expressed in SM22-Cre;LRP6(fl/fl); LDLR Ϫ/Ϫ VSM versus LRP6(fl/fl);LDLR Ϫ/Ϫ controls (Fig. 1A) , but only 21 specific proteins exhibited increases in MMA or ADMA modification with reductions in SDMA accumulation (supporting data S1). The plurality of the regulated Arg-methylated proteins contain RNA-binding domains ( Fig. 1A) (22) . Two of these proteins, G3BP1 (Fig. 1B) and G3BP2, immediately commanded attention, because (a) Bikkavilli and Malbon (23) had previously shown canonical Wnt-dependent Arg methylation of G3BP1 and G3BP2 (24) ; and (b) expression of G3BP1 was recently identified by expressed quantitative trait locus (eQTL) analysis as a master regulator of angiographically-adjudicated cardiovascular disease severity in humans (18) . Because of the relationship between expression and cardiovascular disease (18) , we focused upon G3BP1 (Fig. 1B) . With LRP6 deficiency, three Arg residues (Arg-443, Arg-445, and Arg-458; NCBI accession no. NP_038744) in the mouse G3BP1 C-terminal domain (exhibited Ͼ ϭ 10-fold increase in MMA, with a concomitant 5-fold reduction in SDMA modification of Arg-458 ( Fig. 1B and supporting data S1 and S2). Residue 458 in murine G3BP1 is equivalent to human G3BP1 Arg-460 (NCBI accession no. NP_005745; Fig. 1B ). The reciprocal change in the MMA/SDMA ratio was accompanied by a 75% increase (p ϭ 0.004) in total G3BP1 protein levels in LRP6-deficient VSMs as determined by Western blotting (Fig. 1C ). G3BP1 mRNA levels were unaltered by LRP6 deficiency (supporting data S3), and Western blot analysis again confirmed (9) reductions in LRP6 protein levels with SM22-Cre expression in LRP6(fl/fl) (where LRP6(fl/fl) is LRP6 gene floxed, e.g. flanked by lox P) primary VSM cultures (supporting data S4). Immunofluorescence confirmed the expression of G3BP1 in both medial and adventitial compartments of the thoracic aorta ( Fig. 1, E and D) . The latter largely overlapped the adiponectin-positive cell populations in the fibrofatty arterial adventitia ( Fig. 1D , supporting data S5), and the former co-localized to the ␣-actin-positive cells ( Fig.  1E ; note co-staining with FITC-conjugated VSM ␣-actin also known as Acta2 (25)). No background signal was observed in the absence of primary antibodies (supporting data S6).
To confirm and extend these results, we examined the Arg methylation modification of human G3BP1 in transient transfection assays of HEK293T cells followed by Western blotting using Arg methylation-specific immunoreagents (9, 17) . In transient co-transfection, both PRMT1 and PRMT5, but not PRMT4, increased G3BP1 MMA as revealed by Western blotting ( Fig. 2A ). Moreover, MMA modification was reduced by co-expression of LRP6 ( Fig. 2B) as consistent with the methylome analyses from LRP6-deficient VSM (supporting data S1 and S2). Mass spectrometry performed on immunoprecipitates of FLAG-tagged G3BP1 confirmed regulation of Arg-methylated G3BP1 (data not shown). Thus, LRP6 negatively regulates the Arg methylation of G3BP1 in HEK293T cells (Fig. 2, A and B) as well as in VSM cells (supporting data S1 and S2). A, arginine methylome analysis reveals a plurality of RNA-binding proteins are regulated by LRP6 deficiency in primary aortic VSM cells. Applying a 2.5-fold threshold for change (2.5-fold increase, 60% decrease) in Arg methylation, 673 VSM proteins were altered with LRP6 deficiency. B, domain structure and C-terminal sequence of murine and corresponding human G3BP1. Residues differentially methylated in VSM with LRP6 deficiency are indicated by asterisks. See also supporting data S1 and S2. C, cytosolic levels of G3BP1 protein are significantly increased in LRP6-deficient VSM cells. D, consistent with results from CARDIoGRAM (18), G3BP1 protein is detected in arterial smooth muscle (arrows) and adjacent fibrofatty adventitia of LDLR-deficient mice fed atherogenic diets (yellow overlays in Merge). Note that although adiponectin is not expressed in endothelial cells, adiponectin protein is taken up by macrovascular endothelial cells (106) and can be immunologically detected (arrowheads). E, confocal co-localization with Acta2 confirms G3BP1 expression in the VSM cells of the tunica media. Note that the fibrofatty adventitial cell G3BP1 expression cell population is Acta2negative (E) but is adiponectin-positive (D).
LRP6 inhibits and G3BP1 supports NFATc4 localization to osteogenic chromatin targets and NFAT transcriptional activation
Figure 2. PRMT1 and PRMT5 increase, whereas LRP6 inhibits, G3BP1 MMA.
A, expression vectors for human G3BP1, PRMT4, PRMT1, and PRMT5 were co-transfected as indicated; G3BP1 was immunoprecipitated, and Western blottings were performed assessing total Arg monomethylation (upper panel) and G3BP1 levels (lower panel). B, expression vectors for human G3BP1 (Myc-and FLAG-tagged) and LRP6 (untagged) were co-transfected as indicated. Following G3BP1 immunoprecipitated with anti-FLAG, western blots were performed assessing G3BP1 expression (anti-Myc, upper panel) and Arg monomethylation (lower panel). Note that although PRMT1 and PRMT5 increase G3BP1 MMA, LRP6 reduces G3BP1 Arg MMA levels. G3BP1 expression upon NFAT expression and transactivation, a feature of the calcium-dependent noncanonical Wnt signaling program. LRP6 deficiency increased the relative gene expression of NFATc4 mRNA in VSM ( Fig. 3A ) along with nuclear NFATc4 protein ( Fig. 3B ; and supporting data S7), so we focused upon NFATc4 activity. Chromatin immunoprecipitation (ChIP) assays confirmed increased accumulation of NFATc4 on endogenous osteogenic genomic targets (26 -28) OPN and TNAP in LRP6-deficient VSM (Fig. 3C ), and RNAi targeting NFATc4 reduced numerous osteogenic mRNAs, including OPN, TNAP, Msx2, Sox2, and Wnt4 but not Runx2 (Fig. 3D ). NFATc1 was unaltered, but NFATc3 was reduced by 50%. As shown in Fig. 4 , co-expression of G3BP1 enhanced NFATc4-dependent transactivation. OPN promoter activation by NFATc4 in MOVAS VSM (29, 30) cultures was synergistically enhanced by G3BP1 co-expression ( Fig. 4A) ; synergy was not noted between G3BP1 and NFATc2. Similarly, transcriptional activation of the artificial NFATLUC reporter in HEK293T cells was enhanced by co-expression of human G3BP1 with either NFATc4 or NFATc3, with little impact upon NFATc1 activity (Fig. 4B ). Up-regulation of NFATLUC activity by activation of noncanonical Wnt signaling with Fzd5 and the ligand Wnt7b was also enhanced by G3BP1 co-expression ( Fig.  4C ). Interestingly, human G3BP2 was inactive in this assay (Fig. 4, C and D) . Structure-function studies demonstrated that both the N-terminal NTF2 (31) and C-terminal methylation domains of G3BP1 (Fig. 1B) were required to augment noncanonical Wnt/NFAT signaling ( Fig. 4D ; and supporting data S8). Mutation of Arg-460 to a Gln residue in human G3BP1, corresponding to mouse G3BP1 residue Arg-458 that is differentially methylated with LRP6 deficiency ( Fig. 1B and supporting data S1 and S2), significantly reduced but did not abrogate G3BP1dependent enhancement of NFAT activity by noncanonical Wnt signaling ( Fig. 4E ). RNAi confirmed the importance of G3BP1 in the maintenance of osteogenic gene expression in primary VSM, with activity overlapping yet distinct from that of G3BP2 ( Fig. 4F ). In addition to reducing OPN mRNA, G3BP1 "knockdown" reduced the accumulation of Msx2 and LEF1 genes, components of Wnt signaling important to both craniofacial (32, 33) and ectopic arterial (6, 34) mineralization. Western blot analysis confirmed selective reductions in G3BP1 protein accumulation with G3BP1 siRNA (Fig. 4G ). 
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To confirm and extend these results, we implemented CRISPR/Cas9 (35, 36) to reduce G3BP1 expression in primary VSM (pools of clones). G3BP1 protein levels were reduced by ϳ60% in cell cultures transduced and selected for expression of both Cas9 and G3BP1 guide RNA (gRNA). Concomitantly, nuclear NFATc4 protein levels ( Fig. 5A ) and NFATc4 binding to osteogenic chromatin in ChIP assays (OPN, TNAP; Fig. 5B ) were reduced with G3BP1 deficiency. Thus, G3BP1 supports and LRP6 inhibits NFATc4 nuclear accumulation, osteogenic chromatin association, and noncanonical Wnt/NFAT signaling. The LRP6-inhibited Arg methylation target G3BP1 augments osteochondrogenic gene expression in part via enhanced NFATc4 transcriptional regulation.
G3BP1 regulation of NFAT-dependent transcription is conveyed via G3BP1 interactions with RIG-I-like receptor activators of MAVS
To better understand the mechanisms whereby G3BP1 participates in noncanonical Wnt signaling, we carefully reviewed a recently published comprehensive G3BP1 interactome (37) and performed our own independent studies to identify interaction partners. Importantly, G3BP1 interactions with the RIGl-like receptor (RLR) IFIH1 emerged from the systematic interactome (37) . This immediately caught our attention because hereditary syndromes associated with arteriosclerotic aortic and coronary calcification have been newly mapped to gain-offunction mutations in the RLR family (38, 39) . Thus, using transient co-transfection studies in HEK293T cells, we confirmed that the two RLRs IFIH1 (also known as MDA5; Fig. 6A ) and RIG-I (retinoic acid inducible-I; also known as Ddx58; Fig. 6B ) co-precipitate with G3BP1. Moreover, whereas deletion of the N-terminal domain had little effect, loss of the G3BP1 C-terminal domain reduced RIG-I co-immunoprecipitation with FLAG-tagged G3BP1 (Fig. 6C ).
We reasoned that if one or both RLRs participate in the noncanonical Wnt programs held in check by LRP6, the steadystate levels of these proteins might change with LRP6 deficiency. As shown in Fig. 7A , levels of RIG-I/Ddx58 but not IFIH1 were significantly increased in LRP6-deficient VSM. Conversely, RIG-I levels, but not IFIH1, were reciprocally regulated with G3BP1 deficiency, reduced by ϳ50% in primary VSM from G3BP1 ϩ/Ϫ mice ( Fig. 7B) , with concomitant reductions in RIG-I mRNA and the expression of other osteogenic gene programs ( Fig. 7C ). Intriguingly, the expression of Wnt antagonists (40, 41) secreted frizzled related protein 2 (SFRP2) and sclerostin (SOST) were concomitantly increased with G3BP1 deficiency (Fig. 7C ). Confocal immunofluorescence confirmed the partial co-localization of endogenous RIG-I with G3BP1 in VSM ( Fig. 7D ), but not with the RIG-I effector, MAVS (19) . RIG-I and G3BP1 co-localization is most apparent in the perinuclear region of VSM cells ( Fig. 7E ).
We continued to focus upon RIG-I because its protein levels were reciprocally regulated by LRP6 (increased) and G3BP1 (decreased) deficiencies. As a component of noncanonical Wnt signaling, we examined the impact on G3BP1-dependent NFAT transcription. In MOVAS VSM cells (29, 30) , NFATc4driven transcription was synergistically enhanced by G3BP1 and RIG-I co-expression ( Fig. 8A ). Synergy depended upon the G3BP1 C-terminal Arg methylation domain and could not be achieved by co-expression of G3BP2 ( Fig. 8A ). Likewise, activation of the TNAP promoter by NFATc4 and G3BP1 was augmented by Ddx58 co-expression ( Fig. 8B ). Furthermore, RNAi targeting RIG-I reduced osteogenic mRNA accumulation in primary VSM (Fig. 8C) .
To confirm and extend the role for RIG-I in VSM arteriosclerotic responses, we implemented CRISPR-Cas9 methodology to target the RIG-I/Ddx58 gene; this strategy reduced VSM RIG-I protein levels by ϳ75% ( Fig. 9A ). Once again, the expression of osteosclerotic mRNAs (OPN, TNAP, Osx, and Wnt4) and NFATc4 were reduced with RIG-I deficiency ( Fig. 9B ). Importantly, bone alkaline phosphatase enzyme activity, a key ectoenzyme in osteochondronic mineralization encoded by the TNAP gene (26, 27) , was also reduced with RIG-I down-regulation ( Fig. 9C ). Thus, the G3BP1-interacting protein RIG-I supports osteogenic programs in aortic VSM cells.
Arteriosclerotic gain-of-function RIG-I variant enhances NFATc4-and Runx2-dependent transcription with G3BP1
Very recently, gain-of-function mutations in RIG-I (also known as Ddx58) and IFIH1 (also known as MDA5) have been demonstrated to cause Singleton-Merten syndrome, a disorder characterized by precocious coronary, aortic valve, and aortic calcification with glaucoma, bone loss, and psoriasis (38, 39) . The gain-of-function variants of RIG-I result in aortic and coronary calcification with less severe skeletal involvement (39) . We therefore examined the impact of RIG-I(E373A), one of these constitutively active RIG-I (cRIG-I) variants (39), on NFATc4-dependent transcription. As shown in Fig. 10A , RIG-I(E373A), henceforth cRIG-I, synergistically enhances NFATc4 transcription with G3BP1. Activation depended upon the intact G3BP1 N-and C-terminal domains ( Fig. 10A ) and was inhibited by LRP6 ( Fig. 10B ). Of note, deletion of the G3BP1 N-terminal domain encompassing NTF2 generated a variant that functioned as a RIG-I-dependent dominant-negative (96) , with or without the pCMV-based expression vectors for NFATc4, NFATc2, and G3BP1 as indicated. TK Renilla was included as an internal control for transfection efficiency. Note that NFATc4 and G3BP1 synergistically increase OPN promoter activity. *, **, p Յ 0.05 and p Յ 0.01 versus control. #, p Յ 0.01 versus G3BP1 ϩ NFATc4. B, HEK293T cells were transiently transfected with a concatemerized NFAT cognate-driven luciferase reporter derived from the interleukin 2 promoter (NFATLUC) and the indicated expression vectors. Note that G3BP1 enhances both NFATc3-and NFATc4-dependent transcription. **, p Յ 0.01 versus corresponding control. C, HEK293T cells were transiently transfected NFATLUC and pCMV-based expression vector for Wnt7b, Fzd5, G3BP1, and G3BP2 as indicated. Note that although G3BP1 enhances NFATLUC activation by the noncanonical Wnt7b/Fzd5 cascade, G3BP2 is inactive in this assay *, ***, p Յ 0.05 and p Յ 0.001 versus Wnt7b/Fzd5 with pCMV; #, p Յ 0.001 versus G3BP1 with Wnt7b/Fzd5. D, both the NTF2 and C-terminal Arg methylation domains of G3BP1 are required to enhance Wnt/NFAT signaling. **, p Յ 0.01 versus all others; #, p Յ 0.05 versus Wnt7b/Fzd5 with pCMV, and p Յ 0.01 versus Wnt7b/Fzd5 with G3BP1. E, G3BP1(R460Q) substitution in human G3BP1 reduces G3BP1-dependent enhancement of noncanonical Wnt/NFAT signaling. **, p Յ 0.01 versus all others. F, RNAi targeting G3BP1 down-regulates OPN mRNA accumulation in primary aortic VSM. G3BP2 siRNA does not inhibit OPN expression, even though it significantly reduces Msx2, LEF1, and Myh11 (*, p Յ 0.05 versus control siRNA). G, Western blotting analyses demonstrate efficient and selective reductions in G3BP1 and G3BP2 proteins by RNAi in aortic VSM cultures.
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inhibitor of NFAT signaling (Fig. 10A ). Furthermore, introduction of the point mutation R460Q in human G3BP1, corresponding to the residue exhibiting reciprocal MMA/SDMA modification with LRP6 deficiency ( Fig. 1B and supporting data S1 and S2), reduced cRIG-I activation of NFATc4-driven transcription ( Fig. 10C ).
Because the osteochondrogenic transcription factor Runx2 also supports OPN gene expression (42) and arteriosclerotic responses in the vessel wall (43-45), we assessed whether the novel G3BP1/RIG-I cascade participated in Runx2 activity. As shown in Fig. 10D , WT RIG-I and gain-of-function (39) RIG-I(E373A) and RIG-I(C268F) variants enhanced Runx2 ϩ G3BP1 activation of OPN promoter activity; however, the Singleton-Merten syndrome variants RIG-I(E373A) and RIG-I(C268F) (39) exhibited much greater capacity to activate OPN in this assay ( Fig. 10D) . No synergy was observed with either Runx1 (Fig. 10E ) or when G3BP1 was replaced by G3BP2 (data not shown). As with NFAT activation, the C-terminal G3BP1 methylation domain was critical to Runx2 transactivation ( Fig.  10F ). Runx2 structure-function studies mapped activation by cRIG-I to the Runx2 N-terminal activation domain AD1 (supporting data S9). Thus, the arteriosclerotic Singleton-Merten syndrome RIG-I/Ddx58 variants (39) greatly enhance osteogenic transcriptional responses in transient transfection assays, dependent upon the G3BP1 C-terminal Arg methylation domain.
Arteriosclerotic RIG-I(E373A) variant increases G3BP1 Arg monomethylation
Because the arteriosclerotic variant RIG-I(E373A) (39) enhances G3BP1 functions, and G3BP1 activity in LRP6-deficient VSM tracked increased G3BP1 Arg MMA, we reasoned that cRIG-I might control G3BP1 MMA. To test this notion, we co-transfected FLAG-tagged G3BP1 either with an empty vector or a vector driving the expression of cRIG-I (also FLAGtagged) in HEK293T cells. We then immunoprecipitated the FLAG-tagged proteins and blotted with either FLAG or MMA. As shown in Fig. 11A , co-expression of cRIG-I with G3BP1 increased levels of G3BP1 protein. More importantly, cRIG-I co-expression significantly enhanced G3BP1 MMA modification ( Fig. 11 , B and C). Mass spectrometry of G3BP1 immunoprecipitates confirmed that cRIG-I co-expression promoted human G3BP1 Arg methylation including residues Arg-435, Arg-447, and Arg-460 (data not shown). Thus, the arteriosclerotic cRIG-I variant that enhances osteogenic G3BP1-NFATc4 and G3BP1-Runx2 activity increases G3BP1 Arg monomethylation.
G3BP antagonist C108 inhibits NFAT signaling, G3BP1 Arg monomethylation, and osteogenic differentiation of primary VSM
Using a high-throughput screening strategy to identify compounds that induce breast cancer cell death without harming nonmalignant cells, the benzohydrazide compound C108 (also known as 2-hydroxy-NЈ-[1-(2 hydroxyphenyl)ethylidene] benzohydrazide) was recently identified ( Fig. 12A) (46) . Affinity purification revealed that both G3BP1 and G3BP2 were key targets of C108 inhibition (46) , with G3BP2 inhibition mediating beneficial reductions in tumor growth. Given our above data, we reasoned that this G3BP inhibitor might impact prosclerotic programs in primary VSM. Hence, we contracted with Cayman Chemical (Ann Arbor, MI) for custom synthesis of C108. C108 indeed inhibits cRIG-I activation of NFATc4 sig- (4-hydroxy-NЈ-(4-hydroxy-3-methoxybenzylidene)benzohydrazide) did not inhibit noncanonical Wnt/NFAT signaling ( Fig. 12C ). Of note, C108 did not exhibit direct inhibition of A, FLAG-tagged G3BP1 and IFIH1 were co-expressed in HEK293T cells as indicated. Cell extracts were prepared, immunoprecipitated with anti-G3BP1 antibody, and FLAG epitope-tagged proteins identified by Western blotting. Note that IFIH1 co-precipitates with G3BP1 consistent with recent comprehensive interactome studies (Ref. 36 ; see text). B, Myc-tagged RIG-I was co-expressed with untagged G3BP1, and cell extracts were prepared and immunoprecipitated with anti-Myc antibody, and RIG-I (anti-Myc; 100 kDa) and G3BP1 (anti-G3BP1; 60 kDa) were identified by Western blotting. Note that G3BP1 co-precipitates with RIG-I. Total levels of RIG-I protein were also increased by the co-expression of G3BP1. C, whereas deletion of the N-terminal domain had little effect, loss of the G3BP1 C-terminal domain reduced RIG-I co-immunoprecipitation with FLAG-tagged G3BP1. Arrows, co-precipitated proteins; filled circle, immunoglobulin IgG heavy chain background (50 kDa).
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Runx2 transactivation function in one-hybrid assays (supporting data S10). Consistent with the inhibitory actions of C108 on noncanonical NFATc4 signaling, C108 inhibited the up-regulation of both OPN and TNAP in LRP6-deficient VSM cultures ( Fig. 12 , D and E). Moreover, alkaline phosphatase enzyme activity was also significantly reduced ( Fig. 12F ) with concomitant reductions in Alizarin red staining ( Fig. 12G) . Spautin, and inhibitor of the G3BP1-associated protein USP10 (47), also reduced mineralization (Fig. 12G ).
Because G3BP1 Arg methylation tracks noncanonical osteogenic signaling with LRP6 deficiency (9) , and C108 inhibits these programs, we reasoned that C108 might modulate G3BP1 Arg methylation. Therefore, we co-transfected HEK293T cells with FLAG-tagged G3BP1 and cRIG-I in the presence of either DMSO or 3 or 10 M C108. Following immunoprecipitation with anti-FLAG, Western blottings were performed with anti-FLAG, anti-MMA, or anti-SDMA as indication. As shown in Fig. 13A , levels of G3BP1 MMA were significantly reduced by C108 treatment. By contrast, SDMA modification of G3BP1 was unaltered ( Fig. 13B ) as were total G3BP1 protein levels ( Fig.  13C ). Thus, the small molecule G3BP inhibitor C108 (46) mitigates the arteriosclerotic gene expression, enzyme activity, and mineralization programs of cultured aortic VSM cells.
Deficiency in MAVS, the RIG-I mitochondrial signaling platform, reduces osteochondrogenic differentiation and arteriosclerotic calcification
RIG-I/Ddx58 and IFIH1/MDA5 function as components of viral innate immunity (48) . Upon binding and sensing foreign viral RNAs, these RLRs activate downstream NF-B and interferon cascades via MAVS, the mitochondrial antiviral signaling platform protein (19, 49) . Because of the role for RIG-I in G3BP1 activity and methylation in noncanonical Wnt osteosclerotic programs, we reasoned that MAVS might play a critical role in this cascade as well. To examine the role for MAVS in VSM arteriosclerotic responses, we first quantified the osteochondrogenic differentiation programs (50) Although Rankl, a prosclerotic inflammatory regulator (51) (52) (53) (54) , was down-regulated in MAVS Ϫ/Ϫ VSM, its autocrine antagonist osteoprotegerin (Opg) was increased ( Fig. 14C ). Alkaline phosphatase (TNAP) enzyme activity was also downregulated with MAVS deficiency (Fig. 14D) , with concomitant reductions in calcium deposition as visualized by Alizarin red staining (Fig. 14E) .
When fed a high-fat diet with a composition resembling that of Western societies (42% of calories from fat), male LDLR Ϫ/Ϫ mice develop obesity, insulin-resistant diabetes, and arteriosclerotic calcification. Therefore, to assess the contribution of the MAVS effector to aortic calcification in vivo, male MAVS Ϫ/Ϫ ; LDLR Ϫ/Ϫ mice (n ϭ 6) were challenged for 3 months with the high-fat diabetogenic Western diet, and aortic calcium content was biochemically compared with that of MAVS-replete LDLR Ϫ/Ϫ controls (n ϭ 18). As shown in Fig. 14F , aortic calcium was reduced by ϳ40% in MAVS Ϫ/Ϫ ;LDLR Ϫ/Ϫ mice as compared LDLR Ϫ/Ϫ controls (p ϭ 0.03), consistent with primary VSM cell culture results (Fig. 14, A-F) . Histological staining for calcium in sections of the aortic sinus and ascending aorta, implementing an Alexa647-labeled amino-bisphosphonate (55) , confirmed that calcium was accruing in both atherosclerotic lesions and the tunica media (supporting data S11) as seen previously (7) . At necropsy, no differences were exhibited between groups with respect to fasting hypercholesterolemia (LDLR Ϫ/Ϫ versus MAVS Ϫ/Ϫ ;LDLR Ϫ/Ϫ and 975 Ϯ 34 versus 1012 Ϯ 37 mg/dl; p ϭ NS), hypertriglyceridemia (296 Ϯ 25 versus 316 Ϯ 40 mg/dl; p ϭ NS), weight (34.0 Ϯ 2.1 versus 33.7 Ϯ 1.0 g; p ϭ NS), or diabetes in the homeostatic model assessment of insulin resistance (56) (HOMA-IR; 17 Ϯ 5 versus 16 Ϯ 7; p ϭ NS). MAVS deficiency did not globally reduce diet-induced increases in the inflammation associated with insulin resistance (57, 58) as indicated by the circulating biomarker haptoglobin (7, 57) (supporting data S12). Atheroma lesion area, assessed by Mac2 staining at the level of the aortic sinus, was unaltered (p ϭ 0.88; supporting S13). Thus, MAVS, a key component of the arteriosclerotic G3BP1/RIG-I signaling relay, supports noncanonical Wnt signaling and arteriosclerotic relays in VSM cells (Fig. 15 ).
Discussion
Cardiovascular disease remains a leading cause of morbidity and mortality (59) . Remarkable therapeutic advances have successfully mitigated cardiovascular disease by targeting key metabolic stressors (cholesterol, glucose, phosphate, and oxylipids) and the neuroendocrine contributors to hypertension, vascular remodeling and inflammation, and myocardial pump function (60, 61) . However, the clinical burden of unmet need, particularly in the settings of diabetes and declining renal function, continues to challenge patients and clinicians (62) . Human Figure 7 . VSM cell RIG-I/Ddx58 protein levels are increased with LRP6 deficiency and decreased with G3BP1 deficiency. A, cell extracts were prepared from SM22-Cre;LRP6(fl/fl);LDLR Ϫ/Ϫ VSM and LRP6(fl/fl);LDLR Ϫ/Ϫ controls as described previously, and Western blotting analyses were performed for RIG-I and IFIH1 as indicated. Note that RIG-I protein levels are increased with LRP6 deficiency, a setting where both G3BP1 methylation and protein levels are also increased (Fig. 1, B and C, and supporting data S1 and S2). B, VSM cells were prepared from control G3BP1 ϩ/ϩ and heterozygous G3BP1 ϩ/Ϫ mice, and cellular extracts were analyzed for G3BP1, RIG-I, IFIH1, and controls as indicated. Note the selective down-regulation of Ddx58 paralleling changes in G3BP1 protein levels. C, osteogenic mRNAs are also reduced in heterozygous G3BP1 ϩ/Ϫ VSM cell cultures as compared with G3BP1 ϩ/ϩ controls. D, RIG-I and G3BP1 partially co-localize in primary VSM cells (left panel), whereas G3BP1 and MAVS do not (right panel). E, RIG-I and G3BP1 co-localization is most apparent in the perinuclear region of VSM cells (yellow arrows). *, p Յ 0.05 versus G3BP1 ϩ/ϩ control; **, p Յ 0.01 versus G3BP1 ϩ/ϩ control. NS, not significant.
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molecular genetics has identified a number of novel contributors to cardiovascular disease biology (18) , but these discoveries do not immediately illuminate the molecular mechanisms altering cardiovascular health.
G3BP1 was recently identified by eQTL analysis of visceral (thoracic) adventitial fat as a master determinant of the extent of cardiovascular disease as adjudicated by angiography (18) . The biochemical and cellular roles of G3BP1 are only beginning to be understood, and multiple functions are emerging. The single Drosophila G3BP gene, Rasputin, was discovered as a component of the planar cell polarity controlling compound eye development (63, 64) . In vertebrates, studies of G3BP1, and its homolog G3BP2, have emphasized roles in the formation of RNA stress granules in interferon-mediated and translationmodulated antiviral responses (65, 66) . Recent data have demonstrated that Arg methylation of G3BP1 inhibits RNA binding and stress granule formation (67) . However, G3BP1 has roles beyond RNA stress granule formation, including regulation of c-Myc RNA turnover (68), inhibition of miR-1 biogenesis (69), intron splicing (70), and signal transduction (23, 71, 72) .
The Bikkavilli and Malbon (23, 24) have best characterized the roles of G3BP1 and G3BP2 in signal transduction. They first identified that G3BPs associate with the Wnt signaling platform protein Disheveled and that Wnt agonists promote Arg methylation of both G3BP1 and G3BP2 (23, 24) . This is consistent with data from others suggesting that Wnt signals inhibit stress granule formation (73) . Our data have newly revealed that the up-regulation of noncanonical Wnt signals, because of loss of VSM LRP6, also enhances G3BP1 Arg monomethylation, with concomitant activation of osteogenic transcriptional programs mediated in part by NFATc4 and Runx2. Both the N-terminal nuclear transport factor 2 (NTF2) (31) and Cterminal Arg methylation domains of G3BP1 are important in activating these transcriptional responses. Because RRM domains encode nuclear localization functions that become evident in the absence of RNA binding (22) and G3BP protein Arg methylation inhibits RRM binding to RNA cognates (67), it is probable that Arg methylation of G3BP1 controls key nuclear transport functions, including NFATc4 localization. Our unpublished data 4 point to an important role for specific G3BP1-interacting peripheral nucleoporins (74), dependent upon the G3BP1 NTF2 domain and RIG-I. Importantly, we show that loss of LRP6 and loss of G3BP1 reciprocally regulate the nuclear localization of NFATc4 as well as NFATc4 association with the osteogenic chromatin targets OPN and TNAP. Thus, in this model, the G3BP1 either promotes nuclear transport or prevents nuclear egress of NFATc4 (Fig. 15 ). The G3BP1 NTF2 domain does indeed interact with the FXFG motifs of the nucleoporins (31), and the crystal structure has been solved (31). G3BP1 residue Phe-33 forms part of the NTF2-binding pocket for the FXFG cognate (31) . Like G3BP1-⌬N and G3BP1-⌬C, G3BP1(F33W) fails to activate NFATc4 signaling (data not shown). However, this domain and residue are also required for G3BP1 interactions with caprin and USP10 (66) , interactions that either promote (former) or inhibit (latter) RNA stress granule assembly (66) . Because 1) G3BP1 methylation is up-regulated with noncanonical Wnt/ NFAT signaling; 2) G3BP1 and G3BP2 methylation inhibits RNA stress granule formation (67); 3) both G3BP1 and G3BP2 support RNA stress granule formation (66); yet 4) G3BP1 but not G3BP2 supports the noncanonical Wnt/NFAT cascade; and 5) knockdown of G3BP1 and G3BP2 in VSM cells differentially regulate gene expression, we surmise that noncanonical Wnt activation by G3BP1 does not proceed via classical RNA stress granule assembly. Rather, we speculate that nuclear transport regulatory functions of G3BP1 are critical for this Wnt response. Future studies characterizing stress granule assembly and cytoplasmic-nuclear transport in G3BP1-null versus G3BP2-null VSM will directly test this notion.
Our data also reveal new regulatory components of noncanonical Wnt signaling in VSM, viz. the contributions of the G3BP1/MAVS relay. In systematic analyses of complex interactomes (37), the RIG-I like receptors (RLRs) have emerged as novel G3BP-binding proteins as our data independently confirm. Although RLRs are traditionally studied as part of the antiviral response (75), human molecular genetics have revealed the roles of the RLRs RIG-I/Ddx58 and IFIH1/MDA5 in arteriosclerotic vascular calcification (38, 39) . As introduced above, autosomal dominant gain-of-function point mutations in RIG-I/Ddx58 and IFIH1/MDA5 are associated with familial Singleton-Merten syndrome, a disorder characterized by precocious (under age 20) cardiovascular calcification (38, 39) . Our data functionally confirm and extend these data from human studies to identify that RIG-I promotes G3BP1 Arg methylation and activation of downstream osteogenic mineralization responses in VSM cultures. This mechanism is further supported by our data demonstrating that the prototypic RLR effector MAVS is necessary for the robust osteogenic differentiation, mineralization of aortic VSM, and aortic calcium accrual in male LDLR Ϫ/Ϫ mice fed high-fat diets. Of note, in the Dallas Heart Study I cohort, we recently identified an uncommon variant of RIG-I that is associated with reduced risk for coronary calcification; this variant is hypomorphic in assays of NFAT and NF-B transactivation. 4 Demer and Tintut (76) were among the first to highlight that arterial calcification in metabolic disorders is likely a consequence of innate immune programs that drive calcification to wall off pathogens in the lung or dermis. Aging and irradiation alter the integrity of the nuclear envelope in ways that lead to aberrant cytosolic accumulation of nuclear RNAs capable of activating RIG-I (77), thereby eliciting innate inflammatory responses optimally directly toward RNA virus pathogens. Therefore, we speculate 
that some features of cardiovascular sclerosis arising with aging (78) and irradiation (79) may reflect "intracrine" activation of the pro-sclerotic G3BP1/RIG-I/MAVS program. This remains to be tested.
In our immunofluorescence studies of G3BP1 and RIG-I in VSM, there appeared to be co-localization in juxtanuclear membranes in addition to the nuclear periphery. RIG-I has been identified in mitochondrion-associated membranes of the endoplasmic reticulum (80, 81) . Indeed, RNA degradation associated with the endoplasmic reticulum stress response may activate the RIG-I pathway (81) , which is relevant to vascular calcification as highlighted by Miyazaki and co-workers (82) . Our Western blotting studies also identified G3BP1 protein accumulation in the total cellular membrane fraction. Future studies will address the potential differences in subcellular targeting of G3BP1-RIG-I complexes in arteriosclerotic signal transduction.
There are, of course, limitations to our study. We have focused on G3BP1 actions in the aortic VSM cell. However, G3BP1 expression is widespread, including within the myeloid and adipocyte lineages (18) . We have yet to characterize the roles and regulation of G3BP1 in these cellular backgrounds. Indeed, Foroughi Asl et al. (18) suggested that G3BP1 inhibits cholesterol ester accumulation in the THP1 cell culture model of foam cell formation. Although G3BP1 is readily detected in both medial and fibrofatty adventitial compartments, roles served by G3BP1 may differ between these cell types. Future studies will examine the cell type as well as the integrated global impact of G3BP1 deficiency in murine cardiometabolic disease models. Although G3BP1 enhances NFATc4 nuclear accumulation and transcription, the precise nucleoporin transporters mediating these responses have yet to be determined. Furthermore, although we have used both gain-and loss-of-function approaches to confirm that endogenous G3BP1, RIG-I, and MAVS protein levels regulate VSM osteogenic programs, structure-function analyses by co-transfection have limitations; thus, future studies will analyze mice possessing "knockin" alleles for RIG-I gain-of-function to extend these results and provide a preclinical model for the Singleton-Merten syndrome. G3BP1 Arg methylation inhibits stress granule assembly; hence, the roles for specific G3BP1-RNA complexes in this regulatory cascade are still unknown. It is interesting to note that Jmjd6, the broad specificity demethylase we identified as regulating osteogenic histone Arg methylation downstream of LRP6 (9), has been recently show to demethylate G3BP1 as well (83) . Precisely how active RIG-I enhances while LRP6 and C108 inhibit G3BP1 Arg monomethylation remains to be determined, but it may involve Jmjd6 activity (9, 83) . Because co-expression of RIG-I and G3BP1 appears to increase not only G3BP1 protein Arg methylation but also G3BP1 protein levels, RIG-I may control of G3BP1 protein turnover via ubiquitination or sumoylation or may emerge as an important co-regulatory feature for nuclear transport (84) . Indeed, G3BP1 does interact with certain ubiquitinspecific proteases (85) . Moreover, we have yet to determine how other regulators of vascular calcification, including AMP kinases (86) and O-GlcNacylation (87), intersect with noncanonical Wnt programs. Our previous data (9) revealed cdc42/ Rac1 promotes Arg methylation downstream of noncanonical Wnt/Fzd activation held in check by LRP6 (Fig. 15 ). Whether RIG-I also requires intact cdc42/Rac1 activity is unknown, but studies of RIG-I-deficient macrophages suggest that this may be the case (88) , because microvesicles arising from the macrophage lineage can also nucleate calcification (89) . Finally, because Runx2 is constitutively nuclear in its localization (90) , the mechanisms whereby G3BP1 augments Runx2 (but not Runx1)-dependent transcription are unknown. Activation by RIG-I and G3BP1 maps to the N terminus of Runx2, a p38 MAPK and core binding factor ␤-regulated transactivation function (91) . Future studies will examine whether a MAPK or another modifier of Runx2 function shuttles to the nucleus in response to activation of the G3BP1/RIG-I relay. Nevertheless, our data indicate that both pharmacological and molecular targeting of the noncanonical Wnt/G3BP1/RIG-I relay is feasible, and it may offer a novel therapeutic strategy to limit the extent and severity of arteriosclerotic disease.
Experimental procedures
Biochemical and tissue culture supplies and reagents
Tissue culture reagents were purchased from Thermo Fisher Scientific. Molecular biology reagents, enzymes, biochemicals, and synthetic oligodeoxynucleotides were purchased from Thermo Fisher Scientific, Sigma, Cayman, or ACROS as indicated. Luciferase enzyme assay reagents were purchased from Promega. Custom synthesis and purification of C108 (also known as 2-hydroxy-NЈ-[1-(2 hydroxyphenyl)ethylidene] benzohydrazide; CAS no. 15533-09-2) was performed by Cayman Chemical; this is now available as item no. 9002951. The structurally similar molecules NЈ-(1-phenylethylidene)benzohydrazide (R699497) and 4-hydroxy-NЈ-(4-hydroxy-3-methoxybenzylidene)benzohydrazide (R700061) were purchased from Sigma. Commercially available antibodies, TaqMan gene expression assays (Life Technologies, Inc.), siRNA/RNAi reagents (GE Dharmacon), and lentiviruses used for CRISP-Cas9 targeted gene disruption (GE Dharmacon) in primary VSM are listed in the supporting data S14, along with primers used for ChIP assay analyses. Plasmids generated by the Towler laboratory, provided as gifts via Addgene or obtained from commercial sources, are also presented in supporting data S14.
Transgenic mice, primary aortic VSM culture, and Arg methylation proteomics
All procedures for handling mice were approved by the University of Texas Southwestern Institutional Animal Care and 
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Use Committees. SM22-Cre;LRP6(fl/fl);LDLR Ϫ/Ϫ mice and LRP6(fl/fl);LDLR Ϫ/Ϫ controls were generated on the C57Bl/6 as described previously (9, 92) . MAVS-deficient mice were generated as described previously (19) and bred onto the C57Bl/6 background for 10 generations. G3BP1 ϩ/Ϫ mice on the C57Bl/6 background (G3bp1 tm1a(KOMP)Wtsi ) from knockout-first clone EPD0551_4_H12) were obtained from the University of California at Davis KOMP Repository. All experimental animals and controls used to generate primary aortic VSM cells were male sibling cohorts. Aortic primary cells were isolated from genetically engineered mice as described previously (6) using timed digest with type 1 collagenase (Worthington, catalog no. LS004149, 1 mg/ml), DNase I (Sigma, D5025, 60 units/ml), and hyaluronidase (Sigma, H3506, 0.5 mg/ml) in DMEM with 2ϫ penicillin/streptomycin fungizone supplementation (2.5 g/ml). For routine experiments, pools of cells isolated from 8 to 10 male animals per genotype were expanded with passage on collagen in growth media as described previously (6, 9) . Results were confirmed in at least two independent primary culture preparations (range 2-6), with 3-4 replicates per condition as indicated. For arginine methylome analysis (17), primary VSM cultures from a larger set of SM22-Cre;LRP6(fl/fl); LDLR Ϫ/Ϫ mice and LRP6(fl/fl);LDLR Ϫ/Ϫ control cohorts (10 -15 animals per genotype) were prepared, expanded for seven passages on collagen-coated plates, and then plated at 150,000 cells/cm 2 into 20 150-mm diameter tissue culture plastic plates per genotype. Two days later, at confluence, the monolayers were rinsed twice with ice-cold PBS; proteins were extracted by scraping into 6 M urea, combined into 2 aliquots representing the SM22-Cre;LRP6(fl/fl);LDLR Ϫ/Ϫ mice and LRP6(fl/fl);LDLR Ϫ/Ϫ controls, frozen on dry ice, and shipped to Cell Signaling Technologies for fee-for-service MethylScan methylation proteomics analysis (17) . This immunoaffinity LCtandem MS technique (IA-LC/MS/MS) has been detailed previously (17) . Briefly, following trypsin proteolysis of extracted cellular proteins, Arg-methylated peptides were affinity-captured by antibodies to MMA (Cell Signaling reagents 8015/ 8711); ADMA (Cell Signaling reagent 13522); or SDMA (Cell Signaling reagent 13222). For LC-MS/MS analysis, captured peptides were eluted, loaded directly onto a 10-cm ϫ 75-m PicoFrit capillary column packed with Magic C18 AQ reversedphase resin. The column was developed with a 120-min linear gradient of acetonitrile in 0.125% formic acid delivered at 280 nl/min and characterized by MS/MS using an LTQ-Orbitrap-Velos (settings: MS run time of 126 min; MS1 scan range (300.0 -1500.00); Top 20 MS/MS (minimum signal 500); isolation width 2.0; normalized collision energy 35.0; activation-Q 0.250; activation time 20.0; lock mass 371.101237; charge state rejection enabled; charge state 1ϩ rejected; dynamic exclusion enabled; repeat count 1; repeat duration 35.0; exclusion list size 500; exclusion duration 40.0; exclusion mass width relative to mass; exclusion mass width 10 ppm). MS/MS spectra were eval-uated using SEQUEST (93) . Searches were performed against the most recent update of the NCBI Mus musculus database with mass accuracy of Ϯ50 ppm for precursor ions and 1 Da for product ions. Results were filtered with mass accuracy of Ϯ5 ppm on precursor ions and presence of the intended motif. IA-LC/MS/MS analyses were performed in independent duplicates for both genotypes and each Arg methylation modification. Label-free quantitation from methylated peptide spectral counts was used to identify Arg methylation proteins that were changed at least 2.5-fold (increased by 250% or decreased by 60%) in SM22-Cre;LRP6(fl/fl);LDLR Ϫ/Ϫ VSM cultures versus LRP6(fl/fl);LDLR Ϫ/Ϫ controls. Data for the 21 proteins that exhibited reciprocal increases in MMA and decreases in SDMA are presented in supporting data S1. Other features of the VSM Arg methylome will be presented elsewhere when functionally validated. Accession numbers for protein sequences are as follows: murine G3BP1 NCBI accession no. NP_038744; human G3BP1 NCBI accession no. NP_938405; murine RIG-I NCBI accession no. NP_766277; and human RIG-I NCBI accession no. NP_055129.
Mineralization analysis of aortic primary cell cultures
Aortic primary VSM cells were plated onto type I collagencoated 12-well plates (100,000 cells/well, 3 wells/genotype). Two days after seeding, cells were treated with ␤-glycerophosphate (3 mM) and ascorbic acid (50 g/ml) and refed ever 2-3 days for 3 weeks. For experiments involving treatment with inhibitors, cells were treated either with vehicle (0.1%; DMSO) or C108 (15 M), spautin (15 M), or metformin (200 M) in minimal essential growth medium every 2-3 days for 11 days. Cells were washed with 1ϫ TBS (20 mM Tris-HCl, 1.5 M NaCl, pH 7.5) three times followed by fixation with 4% paraformaldehyde in 1ϫ TBS for 4 min and washed again three times with 1ϫ TBS. Mineralized matrix was detected by Alizarin red S staining, as described previously (94) , and digitally captured for presentation and image analysis quantification (n ϭ 3 to 4 per condition), as detailed previously (94) .
Alkaline phosphatase enzyme activity
Assays for bone alkaline phosphatase enzyme activity were carried out as detailed previously (9) . Briefly, aortic primary VSM were plated onto type I collagen-coated 12-well cluster dishes and treated with either vehicle (DMSO) or indicated reagents. Following the end of culture and treatment periods, cells were washed twice with 1ϫ TBS and extracted with 10 mM Tris-HCl, pH 8.0, containing 0.5 mM MgCl 2 and 0.1% Triton X-100 (0.5 ml/well). Extracts and cell residue were scraped into sonication tubes, processed by three cycles of 20-s sonication and 90-s settling at 4°C with a Diagenode Bioruptor Pico Sonication System. After 20 s of 12,000 rpm centrifugation to remove debris, the alkaline phosphatase activity in the cleared sonicates were measured using p-nitrophenyl phosphate as -3) or with FLAG-tagged G3BP1 ϩ cRIG-I (lanes 4 -14) , and treated with either DMSO vehicle (lanes 1-6) or C108 (lanes 7-14) as indicated. Following immunoprecipitation with anti-FLAG antibody, aliquots of immunoprecipitates were analyzed by Western blotting for either MMA (A), SDMA (B), or FLAG-tagged proteins (C). Note that C108 in the 3-10 M range inhibited G3BP1 MMA (A) without altering SDMA accumulation (B) or total protein accumulation (C). 
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substrate, as described previously (9) . Protein concentration was measured using Pierce BCA protein assay kit (Thermo Fisher Scientific, product no. 23227). Alkaline phosphatase activity in each cell extract was expressed as nanomoles of p-nitrophenol produced per min/mg cellular protein.
RNA analysis
Total RNA of aortic primary cells were isolated using RNeasy kit (Qiagen), whereas total RNA of whole aorta was isolated using RNeasy Lipid Tissue Mini kit after homogenization with Rotorstator in QIAzol Lysis Reagent and chloroform extraction as described previously (6, 95) . To quantify mRNA levels, realtime fluorescence RT-PCR was performed, as described previously (6, 9) , using commercially available, inventoried TaqMan probes that provided optimal coverage (Applied Biosystems, Foster City, CA). Relative mRNA accumulation was normalized to 18S rRNA levels.
Plasmids, siRNA, and transfection
Our murine OPNLUC (osteopontin promoter-luciferase reporter; Ϫ1976 to ϩ78) construct has been previously detailed (96) . NFATLUC reporter was obtained from Stratagene/Agilent (Path Detect plasmid 219088-51). TK-Renilla (E2241), and CMV-Renilla (E2261) were obtained from Promega. Site-directed modifications of parental plasmids listed in supporting data S14 were generated by using In-Fusion HD cloning kit (catalog no. 639692) according to the protocol provided by Clontech (PT5162-1). The remaining plasmids were purchased either from Origene (TrueORF Gold) or from Addgene as indicated. For plasmid transfection, HEK293T cells (ATCC; CRL-3216) or MOVAS mouse aortic smooth muscle cells (ATCC; CRL-2797) (29, 30) were seeded the day before at 65,000 cells/ well in 12-well culture plates, and transient transfections and reporter assays were carried out as detailed previously (97), but using Qiagen Superfect. All transfections were performed in triplicates and repeated at least once. For siRNA transfection, aortic primary cells were seeded at 100,000 cells/well in type I collagen-coated 12-well culture plates the day before transfection. Control or siRNA (listed in supporting data S14) at 60 nM was incubated with Lipofectamine RNAiMAX reagent (3 l/well, Invitrogen, catalog no. 13778-150) in Opti-MEM for 20 min. During incubation, cells were washed once with DMEM, and fresh DMEM growth medium containing 10% FBS and penicillin/streptomycin was added (0.9 ml/well). At the end of incubation, siRNA mixture (103 l/well) was added in triplicate to cells. Cells were harvested for RNA isolation 3 days later.
Western blotting analyses
Western blotting analyses were performed using either whole-cell extracts or extracts subjected to subcellular fractionation as indicated. For whole-cell extracts, cell layers were rinsed twice with 1ϫ TBS and extracted with modified RIPA buffer containing 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 140 mM NaCl, 1% Triton X-100, and 0.5% Nonidet P-40 plus cocktails of protease inhibitors and phosphatase inhibitors (Sigma). For subcellular fractions, confluent cells in 10-cm culture dishes were processed using a subcellular protein fractionation kit for cultured cells (Pierce catalog no. 78840) according to the manufacturer's protocol. Extracts and fractions containing equal amounts of protein were subjected to SDS-PAGE, and Western blotting was performed as described previously, with immune complexes visualized by enhanced chemiluminescence using alkaline phosphatase-conjugated secondary antibodies and Bio-Rad ChemiDoc Touch Imaging System (linear signal response over 3-4 orders of magnitude). The integrated band signal minus background was quantified and compared as described previously (95, 98) using Fiji ImageJ for Mac OS X (99) . Antibodies utilized for Western blot analysis are listed in supporting data S14.
Co-immunoprecipitation studies
To analyze the co-localization of G3BP1 and the RLRs, HEK293T cells in 6-well plates were transfected with the indicated C-terminally tagged or untagged proteins as indicated in each figure. Seventy two hours after transfection, cells were washed with cold PBS, incubated in 1ϫ TBS containing protease and phosphatase inhibitor cocktails (Sigma) (9) , and then harvested into microcentrifuge tubes, and cell pellets were obtained by centrifugation at 5000 rpm for 1 min. Cell pellets were then extracted with 500 l of modified RIPA buffer/pellet as described above for 80 min at 4°C. After centrifugation at 12,500 rpm for 10 min, supernatants were harvested and stored frozen at Ϫ80°C until immunoprecipitation. For immunoprecipitation, cell extracts were thawed on ice. Protein G Dynabeads (Thermo Fisher Scientific) were resuspended by vortexing, and 50 l of the slurry was transferred to a 1.7-ml microcentrifuge tube. The tubes were placed in a magnetic holder and liquid-aspirated. After washing once with PBS-T (PBS with 0.02% Tween 20, 100 l/tube), 200 l of rabbit anti- Figure 15 . Arteriosclerotic G3BP1/RIG-I signaling in aortic VSM, a working model. We (9) and others (14) previously identified that LRP6 expression in VSM restrains noncanonical Wnt signals that (a) promote phenotype modulation and neointima formation and (b) enhance arteriosclerotic mineralization. We demonstrated that protein Arg methylation is profoundly altered with LRP6 deficiency and have identified G3BP1 as a key MMA target that is negatively regulated by LRP6. We further show that RIG-I, also known as Ddx58, functionally and physically interacts with G3BP1 to enhance G3BP1 Arg methylation and the noncanonical Wnt/NFAT pathway. This is mediated in part via NFATc4 nuclear translocation and association with osteogenic genomic targets such as the OPN and TNAP promoters. The mechanisms whereby nuclear Runx2 transactivation is enhanced by the G3BP1/cRIG-I cascade have yet to be determined (indicated by the ?). Not shown are the contributions of nuclear USF1 and Sp1 recently identified as also held in check by VSM LRP6 signaling (9, 14) . See text for details.
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FLAG antibody (10 g antibody) in PBS-T was added to each tube. Antibody was allowed to bind to protein G Dynabeads by rotating the tubes on a Nutator at room temperature for 20 min. At the end of incubation, the beads were washed once with PBS-T. All but 40 l (reserved for input) of modified RIPA buffer cell extract was added to each tube. The solution was gently mixed via pipetting up and down a few times. Antigenantibody interaction was allowed to proceed on a Nutator for 40 min at room temperature. After removal of the supernatant, the Dynabeads were washed three times with 200 l of PBS-T/tube. Protein G Dynabead-bound antigen was then extracted with 20 l of elution buffer (50 mM glycine, pH 2.8). Ten microliters of 5ϫ Laemmli buffer containing ␤-mercaptoethanol (3%) and protein and phosphatase inhibitors and 20 l of 100 mM DTT were also added. Twenty microliters of Elution buffer, 15 l of 5ϫ Laemmli buffer with ␤-mercaptoethanol and inhibitors, and 20 l of 100 mM DTT were also added to each input. Both immunoprecipitates (IP) and inputs were placed in a 95°C heating block for 10 min for denaturation and reduction. After cooling, IP and inputs were applied to 15 ϫ 1.5-mm 4 -12% acrylamide gradient Tris-glycine gels (Thermo Fisher Scientific-Novex; 15 l/lane). Western blot analysis was performed using anti-FLAG, anti-Myc, anti-G3BP1, or anti-MMA/ SDMA/ADMA antibodies as indicated (see supporting data S14 for immunoreagents).
Immunohistochemistry and immunofluorescence imaging
Immunofluorescence and immunohistochemistry were carried out essentially as we have described previously (9, 95, 100), but with the following specifications. Confocal immunolocalization of aortic G3BP1 was carried out on 5-m fresh frozen tissue sections, and co-localization studies in cultured cells were performed using primary VSM cultured on collagencoated 4-well chamber slides (Nunc Lab Tek; Thermo Fisher Scientific). Sections were washed with 1ϫ TBS twice for 5 min each followed by fixation with 4% paraformaldehyde in 1ϫ TBS for 8 min at room temperature. Sections were further washed with 1ϫ TBS three times and incubated in TBST (TBS with 0.1% Tween 20) for 15 min at room temperature to permeabilize the cells. After washing three times with 1ϫ TBS, sections were blocked for 1 h with 5% normal goat serum in 1ϫ TBST. When goat primary antibodies were used, normal donkey serum was used as the blocking agent. Incubation with primary antibodies (e.g. rabbit anti-G3BP1 Proteintech, 13057-2-AP 1:250) was carried out at 4°C overnight. All antibodies were made up in TBST with 5% blocking serum. After incubation, sections were washed with 1ϫ TBS three times followed by incubation with the secondary antibody (Alexa Fluor conjugated, Life Technologies, Inc., 1:200; see supporting data S1) for 1 h. Sections were washed again with 1ϫ TBS and mounted with ProLong Gold Antifade Reagent (Invitrogen P-36931) containing 4Ј,6-diamidino-2-phenylindole for nuclei staining. Mac2-positive atheroma area was performed precisely as described previously (9) , except that an Alexa647-conjugated secondary antibody was implemented for immune complex visualization. Staining of aortic calcium deposition in frozen sections using fluor-conjugated amino-bisphosphonate was implemented using the techniques of New et al. (101) , but implementing Alexa647-conjugated zoledronic acid (BioVinc AF647-ZOL) (55) (supporting data S14), an amino-bisphosphonate with a very high binding affinity for calcium phosphate mineralized matrix (102) , in lieu of fluor-conjugated pamidronic acid (101). Fluorescent images were captured using a Leica true confocal scanning SP8 microscope outfitted with an acousto-optical beam splitter and HyD spectral detection. Leica LAS X co-localization and 3D visualization software were used to create images for export and publication. When performed, image overlay contrast editing was carried out using Fiji ImageJ for Mac OS X (99).
ChIP assays
ChIP was carried out following our modification of the previously reported fast ChIP method of Nelson et al. (103) , as we have extensively detailed (9, 104) . Input and precipitated DNA was quantified using SYBR Green, as described previously (9, 104) , with an Applied Biosystems 7300 Real Time PCR instrument. One pg of mouse genomic DNA was assessed in parallel aliquots as a standard to normalize quantitation between each plate and experiment. ChIP antibodies and primer pairs are presented in supporting data S14.
Diet-induced diabetes and arteriosclerotic calcification in LDLR ؊/؊ and MAVS ؊/؊ ;LDLR ؊/؊ mice
The induction and characterization of arteriosclerotic calcification and insulin-resistant hyperglycemia in the male LDLR Ϫ/Ϫ mouse was carried out as detailed previously (6) and reviewed (2) . Briefly, beginning at 8 -10 weeks of age, male MAVS Ϫ/Ϫ ;LDLR Ϫ/Ϫ mice (n ϭ 6; bred 10 generations on the C57BL6/J background as above) and male LDLR Ϫ/Ϫ controls (n ϭ 18, also C57BL6/J) were fed with the Western diet TD88137 (42% of calories from fat, 34% sucrose by weight, 0.2% cholesterol; Envigo). After 12 weeks of dietary challenge, mice were fasted for 5 h and then euthanized by exsanguination (cardiac puncture under tribromoethanol general anesthesia). At necropsy, aortic tissue (ascending aorta, arch, and thoracic aorta) was harvested, dried, and extracted with formic acid overnight with heating (6). Following alkalinization, calcium was measured in the aortic extract by spectrophotometry using the cresolphthalein complexone assay (Point Scientific, C7503) (6) . Data are presented as micrograms of calcium/mg of aortic weight. Plasma insulin, glucose, cholesterol, and triglycerides were measured, and the HOMA-IR index of insulin resistance was calculated precisely as described previously (9) . Plasma haptoglobin was measured as we described previously (7) using a commercially available ELISA from Life Diagnostics, Inc. (catalog no. HAPT-1).
Statistical analyses
All statistical analyses were performed with 3-6 independent replicates per group as indicated. Statistical analyses were performed using GraphPad Prism 7.0a software for Mac OS X, implementing two-tailed standard parametric methods after Shapiro-Wilk normality testing, or with nonparametric methods when indicated. Graphic data are presented as mean Ϯ S.E. When one-way analysis of variance was applied and significant differences were detected between two or more groups (p Ͻ
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